The inner ear, the sensory organ responsible for hearing and balance, contains specialized sensory and nonsensory epithelia arranged in a highly complex three-dimensional structure. To achieve this complexity, a tight coordination between morphogenesis and cell fate specification is essential during otic development. Tissues surrounding the otic primordium, and more particularly the adjacent segmented hindbrain, have been implicated in specifying structures along the anteroposterior and dorsoventral axes of the inner ear. In this work we have first characterized the generation and axial specification of the otic neurogenic domain, and second, we have investigated the effects of the mutation of kreisler/MafB -a gene transiently expressed in rhombomeres 5 and 6 of the developing hindbrain -in early otic patterning and cell specification. We show that kr/kr embryos display an expansion of the otic neurogenic domain, due to defects in otic patterning. Although many reports have pointed to the role of FGF3 in otic regionalisation, we provide evidence that FGF3 is not sufficient to govern this process. Neither Krox20 nor Fgf3 mutant embryos, characterized by a downregulation or absence of Fgf3 in r5 and r6, display ectopic neuroblasts in the otic primordium. However, Fgf3−/−Fgf10−/− double mutants show a phenotype very similar to kr/kr embryos: they present ectopic neuroblasts along the AP and DV otic axes. Finally, partial rescue of the kr/kr phenotype is obtained when Fgf3 or Fgf10 are ectopically expressed in the hindbrain of kr/kr embryos. These results highlight the importance of hindbrain-derived signals in the regulation of otic neurogenesis.
Introduction
The inner ear, the sensory organ responsible for hearing and balance, arises from the otic placode, an ectodermal thickening that forms lateral to the hindbrain during neurulation. At this stage, the hindbrain is subdivided into segments termed rhombomeres (r). The placode is first visible morphologically at early somite stages (ss), but long before, it is already prefigured by molecular markers, such as transcription factors of the Pax, Eya and Dlx families (Riley and Phillips, 2003) . The placode forms in the ectoderm lateral to the caudal hindbrain covering a length of about two rhombomeres along the anteroposterior (AP). Then the placode transforms into the otic vesicle or otocyst, a morphogenetic process that varies among species. The cells of the developing inner ear undergo a sequence of cell fate decisions to generate all different cell types from a single and homogeneous otic epithelium, which arise in the correct spatial position with respect to one another. Despite the progress made during the last years, much still remains to be learnt about how the axes of the otocyst are established and from where the positional cues originate.
The kreisler (kr) mutation was obtained by X-ray mutagenesis. Mice homozygous for the kr mutation (kr/kr) exhibit a hyperactive pattern of behaviour characterized by head-tossing and running in circles (Hertwig, 1944) . They are deficient in hearing and exhibit inner ear hypoplasia (Deol, 1964) . In kr/kr embryos the otic vesicle, which normally lies adjacent to r5 is displaced laterally and develops into a cystic structure without an organised vestibular apparatus or cochlea (Hertwig, 1944; Deol, 1964; McKay et al., 1994; Choo et al., 2006) . The gene affected by the kr mutation, MafB, encodes a basic domain leucine zipper transcription factor (bZIP) that is expressed in two adjacent segments of the developing vertebrate hindbrain, r5 and r6 (Cordes and Barsh, 1994; Mechta-Grigoriou et al., 2003) . The kr mutation consists in a submicroscopic chromosomal inversion that does not disrupt the kreisler transcription unit, but nonetheless abolishes MafB expression in r5 and r6. Consequently kr/kr mutant mice lack identifiable r5 and r6 (Cordes and Barsh, 1994) . The r4-r7 region remains unsegmented, r5 is absent and r6 is misspecified (Frohman et al., 1993; McKay et al., 1994; Manzanares et al., 1999) . In addition, ectopic MafB expression was observed in r3 of kr/+ and kr/kr mutant embryos . Actually r3 is modified in several aspects in kr/kr embryos, since Hoxa3 and Fgf3 are also ectopically induced and the period of Krox20 expression is extended (Frohman et al., 1993) . Deol (1964) suggested that defective otic vesicle development in kr/kr animals was secondary to an underlying abnormality in hindbrain segmentation. Evidence supporting this idea has been obtained by the analysis of a Hoxa1 knockout mutant and the reinvestigation of the kr mutant. MafB and Hoxa1 are expressed in the hindbrain but not in the inner ear, yet inner ears of embryos mutant for either of these genes are abnormal (McKay et al., 1996; Pasqualetti et al., 2001) . Otic vesicles are smaller and have morphogenetic defects often including the absence of the endolymphatic duct and an enlargement of the membranous labyrinth (McKay et al., 1996; Pasqualetti et al., 2001; Choo et al., 2006) .
Recent functional studies in amniotes (Riccomagno et al., 2002; Chang et al., 2004; Bok et al., 2005; Riccomagno et al., 2005; Bok et al., 2007) indicate that neural tube signals are required to specify structures along the dorsoventral (DV) axis of the inner ear (for reviews see Choo, 2007; Schneider-Maunoury and Pujades, 2007; Whitfield and Hammond, 2007) . Shh signalling from the notochord and floor plate is required for the formation of the cochlea, a structure derived from the ventral otocyst, while Wnt signals from the dorsal neural tube are essential for morphogenesis of the vestibular apparatus, that is derived from the dorsal otocyst (Riccomagno et al., 2002; Riccomagno et al., 2005; Bok et al., 2007) . MafB has also been involved in DV patterning and sensory organ development of the ear, since in the kr/kr mouse the cochlea is expanded and dorsal derivates such as the endolymphatic duct are absent (Choo et al., 2006) . It has been proposed that the deficit in FGF3 signalling was the main cause of the otic defects observed in kr/kr animals (McKay et al., 1996) . The role of FGF3 as a hindbrain signal in ear patterning is consistent with the analysis of the Hoxa1 mutant, in which ear patterning defects are also correlated with the loss of Fgf3 expression in the hindbrain (Pasqualetti et al., 2001) .
In contrast to the mouse, a mutation affecting MafB in the zebrafish, valentino (val), results mainly in AP patterning defects of the inner ear (Kwak et al., 2002) . This mutation leads to a caudal expansion of fgf3 expression in the hindbrain, and when fgf3 RNA levels are reduced, the otic defects are partially rescued, strongly suggesting that in zebrafish, as well as in mouse, FGF3 is one of the signals involved in inner ear patterning downstream of MafB. Analysis of mutant embryos for different hindbrain segmentation genes, both in zebrafish and mice, strongly supports the involvement of a combination of signals from r4 to r6 in normal patterning of the developing inner ear: the main defects observed in mice being along the DV axis (Lin et al., 2005) , whereas in the zebrafish they are along both the AP and DV axes of the inner ear (Kwak et al., 2002; Lecaudey et al., 2007) .
These observations indicate that the molecular mechanisms underlying the kr phenotype are still obscure, especially those related with early otic patterning and neurogenesis. To gain further insight in this issue, we have studied the effects of kr mutation on early otic patterning and neuronal cell specification. Our data demonstrate that the disruption of the caudal hindbrain associated with the kr mutation causes defects in the establishment of the otic neurogenic domain, resulting in ectopic neuroblast specification due to aberrant positional information. We provide evidence that FGF3 is not sufficient to control this patterning process: neither Krox20 nor Fgf3 null mutant embryos, in which Fgf3 is either downregulated or absent in r5 and r6, present ectopic otic neuroblasts. Interestingly however, the subset of Fgf compound mutants lacking Fgf3 and Fgf10 that proceeded in otic development, displays the same otic phenotype as kr/kr embryos, namely the presence of ectopic neuroblasts along AP and DV otic axes. Finally, and remarkably, the kr/kr phenotype can be partially rescued when Fgf3 or Fgf10 are ectopically expressed in the hindbrain of kr/kr mutants. These results highlight a compensatory mechanism between FGFs, and the importance of hindbrain-derived signals in instructing otic patterning and the establishment of the neurogenic domain.
Materials and methods
Mouse lines and genotyping kr embryos were produced by mating kr/+ males with kr/+ females. The presence of the kr chromosomal inversion and normal kr chromosome was detected unambiguously by a PCR-based assay. Briefly, yolk sac DNA was extracted with XNAT2 Extract-N-Amp (SigmaAldrich, Spain) and the sample was directly used for genotyping. Primers used were: mkr-int-200 5′TCCCCGTTTGATGATGTAGAGC, mkrext/dist 5′AGTGCTGTAATTGGATGGCCTC, and mkr-ext/mut 5′ACAGC-AAGCCAGGGGTTCAAAT. PCR was performed with hot start followed by 94°C 2 min, 92°C 1 min, 60°C 2 min, 72°C 2 min for 35cycles, and an extension step of 10 min at 72°C. This gives a band of 312 bp for the wild type allele and a band of 212 bp for the allele carrying the krassociated inversion. As control embryos either heterozygous (kr/+) or wild type embryos were used unless stated in the text. Although kr/+ display ectopic MafB in r3 , no differences between wt and kr/+ embryos have been observed in their otic vesicles.
Krox20
−/− embryos were produced by mating Krox20 +/− animals. The PCR-based genotyping was performed according to SchneiderMaunoury et al. (1993) . Fgf3
, Fgf10 −/− and compound mutant embryos, and the transgenic lines having inserted Fgf3 or Fgf10 under the r3r5-EphA4 regulatory regions, were produced and genotyped according to (Alvarez et al., 2003; Zelarayan et al., 2007) . The thermocycler used was a Gene Amp ® PCR System 9700 (Applied Biosystems, Europe). kr and Krox20 mutants were in C57/Bl6 mice strains. Fgf mice were bred in a 129xC57/Bl6 mixed background.
Whole-mount in situ hybridization and β-galactosidase staining
In situ hybridization was performed essentially as described (Wilkinson and Nieto, 1993) , using digoxigenin-labelled riboprobes. Digoxigenin was detected with NBT/BCIP (Roche) which gives a purple staining. The riboprobes were as follows: Delta1, Neurog1, NeuroD (de la Pompa et al., 1997), Dlx5 (Acampora et al., 1999) , Fgf3 (dEST, p998G0113909Q, RZPD), Fgf10 (Alvarez et al., 2003) , Fgf15 (Wright et al., 2004) , Lmx1a (Failli et al., 2002) , LFng (Cohen et al., 1997) , MKP3 (dEST, p981C08206D, RZPD), Pax8 (dEST, p981G04292D, RZPD), Tbx1 (Moraes et al., 2005) and Wnt6 (dEST, p981F0431D, RZPD). X-Gal staining was performed in whole-mount embryos as described in Helmbacher et al. (1998) .
For measuring the size of the otic placodal domain along the AP axis we used Pax8-stained embryos. Transverse sections of Pax8-hybridized embryos were made and the number of sections stained with Pax8 in the otic territory was counted. Taking into account the thickness of the sections (20μm), the length of the Pax8-positive region was estimated.
For embryo staging we used several criteria: somite stage (ss), dpc, and the morphology of the otic primordium. Note that thickened otic placode is at 11-14 ss, otic cup goes from 15 to 24 ss (early otic cup = 8.5 dpc = 15-18 ss; medium otic cup = 8.75 dpc = 19-21 ss; and late otic cup = 9 dpc = 21-14 ss), and otic vesicle from 9.25 dpc onwards (early otic vesicle = 9.25 dpc = 25-27 ss; medium otic vesicle = 9.5 dpc = 27-31 ss). To make the reading of the figures easier the age in dpc was indicated together with the morphological stage of the otic primordium.
Cryostat sectioning
Embryos were fixed in 4% paraformaldehyde, cryoprotected in 15% sucrose and embedded in 30% gelatine/15% sucrose. Blocks were frozen in 2-Methylbutane (Sigma-Aldrich, Spain) to improve tissue preservation, then sectioned at 20μm thickness onto Superfrost Plus Slides (Fisher, Pittsburg) and stored at − 20°C. Sections were used for in situ hybridization, immunohistochemistry and TUNEL assays. The cryostat Leica CM 1510-1 was used for sectioning.
Immunostaining, TUNEL assay and cell counting Immunostaining was performed as described in Helmbacher et al. (1998) Distribution of apoptotic cells in the otic vesicles was determined by TdT-mediated dUTP nick-end labelling (TUNEL) of the fragmented DNA. Briefly, transverse embryo cryosections were incubated with 10μg/ml proteinase K (Sigma-Aldrich, Spain) for 2 min at room temperature and post fixed with 4% paraformaldehyde, 0.25% glutaraldehyde in PBT. To block endogenous peroxidase, sections were treated with 0.3% H 2 O 2 /PBS. Sections were then incubated with TUNEL reaction mixture (Label Solution and Enzyme Solution, Roche-Applied Science) for 60 min at 37°C in a humidified atmosphere in the dark. After being washed with PBS, sections were blocked with 10% horse serum in PBS and incubated with anti-fluorescein-POD (Roche) [1:300] for 2h. Tyramide signal amplification was performed using Cyanine 5 as fluorophor (TSA™ PLUS, Perkin-Elmer). Apoptotic cells were visualized in a confocal microscope Leica TCS SP2.
For counting cells either labelled with anti-NeuroD or with TUNEL, the otic epithelium was divided into 4 regions: ventral, lateral, medial and dorsal. NeuroD-and TUNEL-positive cells were counted in all confocal sections of a given specimen. All the data were plotted in the histograms shown in Fig. 5 . An average of 4 otic vesicles per point was used. For calculating the statistical significance of the data, Student's t-test was used.
Results
Early regionalisation of the otic primordium: the establishment of the neurogenic domain
In the inner ear, molecular asymmetries precede morphological asymmetries and genes encoding transcription factors that are expressed within the early otic primordium are thought to specify the future regions of the ear (reviewed in Fekete and Wu, 2002; Schneider-Maunoury and Pujades, 2007) . First, we investigated when otic molecular asymmetries along the AP axis of the otic primordium arise in mouse embryos, and explored the first steps in the establishment of the otic neurogenic domain. The expression of LFng, a gene expressed in the anteroventral domain at the otocyst stage, was already regionalised at 8.75 dpc, and its expression was restricted to the ventral and anterior aspect of the otic cup (Fig. 1A) . As otic morphogenesis proceeded, the LFng-expression domain expanded anteriorly, being always restricted to the anterior-ventral-lateral quadrant of the otic vesicle (Figs. 1B-D). The expression of LFng was excluded from the region of expression of the transcription factor Lmx1a from early otic vesicle stage onwards. Initially, the expression of Lmx1a was rather homogenous in the whole otic cup (Fig. 1E ), but from 9 dpc onwards it was confined to the dorsal aspect and the posterior region of the otic vesicle (Figs. 1F-H). Lmx1a was always excluded from the LFng-positive domain (Figs. 1F-H) and persisted at least until 11 dpc (data not shown). Previous reports have shown that Tbx1 is expressed in lateral and posterior areas of the otic vesicle (Moraes et al., 2005) and that it is excluded from the domain that gives rise to the sensory precursors (Xu et al., 2007) . We assessed the spatial and temporal profile of Tbx1 during early otic development and compared it with the expression of LFng and Lmx1a. As shown in Figs. 1I-L, Tbx1 was expressed only in the posterior domain of the otic primordium (Fig. 1G) .
In amniotes, the specification of neuroblasts at the otic cup stage, is perhaps the earliest cell fate decision that takes place in the inner ear (Ma et al., 1998; . Otic neurogenesis in mice begins at the otic cup/vesicle transition (9-9.5 dpc) as revealed by the expression of Neurog1 (data not shown) and Delta1 ( Fig. 2A ; Ma et al., 1998) . Expression of these genes was detected only in a subdomain of the otic cup, suggesting that specification of the proneural region had already occurred by the otic cup stage. The characterization of the pattern of genes involved in cell fate specification such as Delta1 ( Figs and D). As neurogenesis proceeds, the NeuroD-positive cell population within the otic epithelium delaminates at very specific sites located in the most ventral part of the otic vesicle (see arrow in the parasagittal section in Figs. 2G, I). They form the statoacoustic ganglion (SAG) (Fig.  2F ) where neuroblasts continue dividing before initiating differentiation (for review see Sanchez-Calderon et al., 2007) . To better characterize where neuroblasts delaminate, we analysed the expression of NeuroD and Tbx1 by in situ hybridization in alternate parasagittal sections . This analysis suggested that neuroblasts delaminated within a region located at the border of the overlapping NeuroD/Tbx1 expression domains along the AP axis of the otic vesicle, spanning at least 5-6 cell diameters (Figs. 2G-I, see yellow asterisks pointing to NeuroD-positive cells, and red asterisks showing cells positive for both genes within the bracketed region in 2I). Alternate coronal sections showed that NeuroD-positive cells were mainly localised in the anterior part of the otocyst and in the SAG (Fig. 2J) and that Tbx1 was expressed in the most posterior and lateral aspects of the otocyst (Fig. 2K) . Only a small region of the otic epithelium showed staining for both genes (see arrow in Fig. 2L ).
In summary, patterning of the otic primordium along the AP axis is established very early during embryonic development and prefigures the neurogenic and non-neurogenic regions of the otic vesicle. LFngexpression foreshadows the neurogenic domain located at the ante- Fig. 2 . The neurogenic region is established in the anteroventral domain of the otic epithelium. Whole-mount in situ hybridization of embryos from late otic cup (9 dpc) to otic vesicle (9.25-9.5 dpc) stages with genes involved in neuronal fate specification, such as Delta1 (A-C) and NeuroD (D-F). Delta1 is expressed at otic cup stage (A) and NeuroD is only present in few cells of the otic epithelium at this stage (D). Increasing numbers of Delta1-and NeuroD-positive cells in the otic epithelium are observed from 9.25 dpc onwards (B, E). NeuroDpositive cells within the statoacoustic ganglion (SAG) can be observed from 9.5 dpc together with an increase of the NeuroD-positive domain (F). Alternate parasagittal sections of otic vesicles at 9.5 dpc showing NeuroD (G) and Tbx1 (H) expression. The merger of both stainings using Photoshop reveals the extension of the delamination area (panel I, merger of panels G and H; see bracket). To follow the very same cells, yellow asterisks in panels G and I mark a cell expressing only NeuroD, and red asterisks in panels G-I mark 3 cells that seem to express NeuroD and Tbx1. Coronal alternate sections of otic vesicles from 9.5 dpc embryos assayed for NeuroD (J) and Tbx1 (K), show the posterior and lateral expression of Tbx1 in the non-neurogenic domain (panel L, merger of panels J and K). Arrow in panels G and I indicates a delaminating neuroblast. Arrow in panels J and L shows a neuroblast at the border region NeuroD/Tbx1. (A-F) are lateral views with anterior to the left. nt, neural tube; m, mesoderm. Scale bars: 50 μm.
roventral region of the otocyst. Otic neuroblasts seem to delaminate from a site located in the ventral aspect of the otocyst that is defined by the overlapping expression of NeuroD and Tbx1.
MafB/kreisler loss of function in r5-r6 leads to an expansion of the otic neurogenic domain due to mispatterning of the otic primordium An essential function of the caudal hindbrain in the development of the otic vesicle has been demonstrated by the analysis of mutants affecting the MafB segmentation gene, which is expressed in r5 and r6, but not in the otic epithelium. However, there are discrepancies among different species: the kr mutation in mice results in defects along the DV axis of the otic vesicle (Choo et al., 2006) , whereas the valentino zebrafish mutants display defects in the otic AP axial specification (Kwak et al., 2002) .
To understand the discrepancies between mice and zebrafish and to study the influence of the caudal hindbrain on otic neuronal specification, we examined the consequences of the kr mutation on the establishment of the otic neurogenic domain and the generation of neurons. We analysed the expression of NeuroD in kr/kr embryos at the stages of neuronal specification and commitment (from 9 to 9.5 dpc). As shown in Figs. 2D, E and 3A, B, cells within the otic epithelium start to express NeuroD in the most ventral and anterior region of the otic cup (9 dpc) indicating their commitment to the neuronal fate. This cell population expands and at 9.5 dpc the neurogenic region corresponds to the anteroventral domain of the otic vesicle (Fig. 3C ). This pattern was altered in kr/kr embryos, which displayed NeuroD-positive cells all along the otic cup, and neuroblasts were specified at ectopic locations along the AP and DV axes of the otic cup and vesicle (see arrows in Figs. 3E, F, G), and not only in the antero- Fig. 3 . Mutation of kreisler in r5 and r6 results in expansion of the otic neurogenic domain. Whole-mount in situ hybridization of wild type (A-D) and kr/kr embryos (E-H) with NeuroD (A-C, E-G) and Delta1 (D, H). Note the ectopic neuroblast-fated cells in the dorsal and posterior domains of mutant embryos (see black arrows in panels E-H). panels A, E are low magnifications of panels B and F respectively. Lateral views, anterior to the left and dorsal to the top. Scale bar: 100 μm. ventral domain. Note that neurogenesis in other regions of the embryo did not change as shown in low magnification pictures (Figs.  3A, E) . The acquisition of a neurogenic fate of these ectopic neuroblasts involved Delta-Notch signalling, as cells expressing Delta1 were also found in ectopic locations within the otic vesicle (Fig. 3H) .
In order to investigate the molecular targets downstream of the hindbrain signals responsible for the establishment of the neurogenic domain, we studied the expression of genes likely to be involved in otic patterning. Fig. 4 shows that expression of LFng, a gene that prefigures the neurogenic region, was expanded posterior and dorsally in the otic vesicles of kr/kr embryos (compare Figs. 4A with B for whole-mount images, and Fig. 4G with H for parasagittal sections) . The expansion of the LFng domain correlated with the expansion of the neurogenic domain described above (compare Figs. 4B and 3F, G) . To determine whether the expansion of the neurogenic region of the otic vesicle occurred at the expense of the non-neurogenic territory, we analysed the expression of Lmx1a, which was confined to the non-neurogenic region. In the otic vesicles of kr/kr embryos the Lmx1a-positive domain was smaller than in controls (compare Figs. 4C and D for whole-mount views, and Figs. 4I and J for parasagittal sections), suggesting that indeed expansion of LFng and regression of Lmx1a were concomitant events. Parasagittal sections of kr/kr embryos confirmed the anterior and dorsal expansion of LFng and the reduction of the Lmx1a-domain as compared to control embryos (Figs. 4G, H and I, J). Tbx1 remained unaffected in kr/kr mutants (Figs. 4E, F, and K, L), although it has been proposed as a regulator of proliferation and a suppressor of the neurogenic fate in otic epithelial cells (Xu et al., 2007) . Indeed, when the analysis of the patterning genes was combined with neuroblast staining we could observe that kr/kr embryos displayed NeuroDpositive cells within the expanded LFng-territory (white arrow in Fig.  4P ), the Lmx1-positive region and the Tbx1 domain (white arrows in Figs. 4R, T) . These results suggest that in kr/kr embryos, otic epithelial cells that should be LFng-negative have instead activated LFng cues and undergo neuronal specification.
We observed as well an increase of NeuroD-positive cells in the whole otic epithelium of kr/kr embryos (Fig. 5 , red bars in panel C; wt = 40.6 ± 2.7 cells vs kr/kr = 84.9 ± 5 cells p ≤ 0.0017). Although we found a higher number of neuroblasts in kr/kr embryos at otic vesicle stage (compare Figs. 3C with G) , we did not detect an increase in the size of the SAG (data not shown). To study this problem, we analysed cell proliferation and programmed cell death in otic vesicles of wt and kr/kr embryos (Fig. 5) . Studies of cell proliferation using phosphohistone 3 as a readout of cell division revealed no significant differences between wild type and kr/kr embryos at any stage during early otic development (from 8 dpc to 9.5 dpc, data not shown). We then investigated whether the increased number of TUNEL-labelled cells reported in kr/kr embryos at 9.5 dpc (Choo et al., 2006) may explain why the SAG was not enlarged in spite of the presence of surplus ectopic neuroblasts. We confirmed that cell death occurs to an abnormal extent in otic vesicles from kr/kr embryos (see green cells in Fig. 5, panel A, A , B, and inserts A′, B′). We found an increase of dying cells within the otocyst of kr/kr mutants (Fig. 5 , green bars in panel C; wt = 31 ± 4 cells vs kr/kr = 60.5 ± 11.3 cells p ≤ 0.0065). To analyse in which region of the otocyst this cell death was enhanced, we counted the apoptotic cells located in the different regions of the otic epithelium: ventral, lateral, medial and dorsal. We found that apop- totic cells in kr/kr otocysts were concentrated in the lateral aspect of the otic epithelium, within the non-neurogenic region (Fig. 5 , see green bars in panel B; Choo et al., 2006) . In wild type embryos the average of 15.7 ± 2.8 apoptotic cells was detected within the lateral aspect, and in kr/kr embryos this number was doubled to 31.7 ± 3.2 (p ≤ 0.01) (Fig. 5, panel B) . To check whether these cells eliminated from the otic epithelium by apoptosis were neuroblast-fated cells, we analysed TUNEL preparations with an anti-NeuroD antibody (see red cells in Fig. 5, panel A, C,D , and inserts C′,D′). These additional NeuroDpositive cells in kr/kr embryos were mainly located in the lateral aspect of the otic vesicle (Fig. 5, red Apoptosis of ectopic neuroblasts therefore appears to be a major consequence of the earlier defect in positional specification.
In conclusion, these data show that the kr mutation results in an expansion of the otic neurogenic domain and in a higher number of neuroblasts. However, this does not lead to an increase in the size of the SAG because ectopic neuroblasts undergo apoptosis. The increased cell death in the non-neurogenic region of kr/kr otocysts may reflect a regulative mechanism for coping with a surplus of neuroblasts.
Otic specification is not affected in kr/kr embryos
The earliest morphological difference in the inner ear between kr/ kr and control littermates was observed at approximately 18 ss, when the position of the otic cup was laterally displaced relative to the neural tube in kr/kr embryos ( Fig. S1 ; McKay et al., 1994) . In order to study whether this displacement was a result of early defects in the specification of the otic field, we analysed the expression patterns of Dlx5, a marker of the preplacodal region (Merlo et al., 2002) and Pax8, an early marker for otic specification (Pfeffer et al., 1998) . No differences were observed between control and kr/kr embryos at 9 ss, either concerning preplacodal or otic specification. Transverse sections showed that in kr/kr embryos the otic placodal ectoderm was located at the same distance from the neural tube than in control embryos (Figs. 6A, B, D, E) . Moreover, the length of the Pax8-domain along the AP axis was not different between controls and kr/kr embryos (wt = 255 ± 7μm n = 3, kr/kr = 260 ± 0μm n = 2). We followed the expression of Dlx5 (the thickening of the otic placode is already observed at 11 ss) and showed that placode formation proceeded very similarly in control and mutant embryos (Figs. 6C, F) . To rule out a possible early defect on cell proliferation, we studied cell division within the preplacodal Dlx5-positive domain. There were no differences in cell proliferation between control and kr/kr embryos according to anti-pH3 staining (Figs. 6G-L) . This analysis indicates that there are no defects in the otic specified territory in kr mice.
FGF signals from the hindbrain and their effects in the otic neurogenic domain
Wnt signals from the dorsal neural tube have been shown to convey cues from the hindbrain to the inner ear and FGFs have been implicated either in inducing the otic placode or providing cues for later differentiation. However, there is no clear picture of hindbrainto-ear signalling pathways at early stages of otic patterning. Therefore, we studied in detail the role of hindbrain-derived FGFs in the establishment of the otic neurogenic domain.
Fgf3 is expressed since early stages of neural development (2-3 ss) at high levels in r5 and r6, and low levels in the rest of the hindbrain ( Fig. 7A ; Wilkinson et al., 1989; Mahmood et al., 1996; McKay et al., 1996) . In contrast, analysis of kr/kr embryos showed dramatic changes in the Fgf3 expression pattern. High levels of Fgf3 were no longer detectable in r5 or r6 (Fig. 7B ), but a patchy low level expression was observed throughout the whole hindbrain (compare Figs. 7A and B) . To check whether Fgf3 from the hindbrain regulates the expression of Fgf3 within the otic placode, we analysed its expression in the otic territory. We found that Fgf3 expression was not affected in this territory in either kr/+ or kr/kr embryos (Figs. 7E, F) , therefore excluding the contribution of placodally expressed Fgf3 to the kr/kr phenotype.
Krox20 mutants fail to develop r3 and r5 but they do not display any defects in the development of the inner ear (SchneiderMaunoury et al., 1993) . If Fgf3 was one of the major signals from the hindbrain involved in otic patterning, one would expect that Krox20 mutants should also exhibit unaffected Fgf3 expression within the hindbrain. However when hindbrains of Krox20−/− embryos were assayed for Fgf3 staining, we observed that Fgf3 was not only expressed at low levels in r5 as in kr/kr embryos, but that it was downregulated as well in r6 (Figs. 7C, D) . As for kr/kr, loss of Krox20 did not affect the expression of Fgf3 in the otic ectoderm (Figs. 7G, H) . Next step was to study whether mutations such as Krox20−/− and Fgf3−/− led to the kr/kr otic phenotype -the expansion of the neurogenic domain. For this purpose we investigated the expression of NeuroD in Fgf3−/− embryos, and in Krox20−/− embryos (which expressed Fgf3 in the otic territory but had downregulated Fgf3 within the hindbrain as kr/kr mutants). None of those mutant embryos displayed any defects in neuroblast specification in the otic primordium (Figs. 7I-L) . Accordingly, they did not show any defect in otic patterning, as revealed by LFng and Lmx1a staining (Fig. S2) . These results showed that FGF3 could not be the molecule from the hindbrain responsible for the otic phenotype of kr/kr embryos.
To further study the expression of hindbrain-derived FGFs in kr/kr mutants, we analysed the expression of other members of the FGF family expressed within the caudal hindbrain, such Fgf10 and Fgf15 (Wright et al., 2004) . Fgf10 is normally expressed in the ventral side of the caudal hindbrain ( Fig. 8A ; Alvarez et al., 2003) . In kr/kr mutants, however, Fgf10 was downregulated in this region (Fig. 8B) . In the case of Fgf15 no difference was detected in kr/kr embryos as compared to controls (Figs. 8C, D) . These results indicate that among the hindbrain-derived FGFs previously implicated in early inner ear development (Alvarez et al., 2003; Ladher et al., 2005) , Fgf3 and Fgf10 are downregulated in the caudal hindbrain of kr/kr embryos.
With this in mind, we explored the contribution of these two FGFs to the patterning and development of the otic neurogenic domain. Fgf3−/−Fgf10−/− mutants show a range of otic phenotypes, including complete lack otic vesicles, microvesicles lacking otic markers or reduced sized otic vesicles maintaining expression of several otic genes (Alvarez et al., 2003; Zelarayan et al., 2007) . We took advantage of the latter subset of Fgf3−/−Fgf10−/− embryos to study a potential redundant requirement for these FGFs for proper otic neurogenesis. As mentioned above, Fgf3−/− embryos did not show a neurogenic phenotype; however, double mutant Fgf3−/−Fgf10−/− embryos displayed NeuroD-positive cells at ectopic locations of the otic epithelium that resembled the phenotype of kr/kr embryos (Fig. 8H) . Mutation of a single Fgf, or of a single allele of both, did not reproduce the kr/kr otic phenotype (Figs. 8E-G) . This suggests that the kr phenotype relies on FGF signalling and that there is a compensatory effect between FGFs within the neural tube. To analyse the sufficiency of Fgfs to rescue the kr/kr otic phenotype and thus regulate the neurogenic domain, we used two transgenic lines: one that drives Fgf3 expression to r3 and r5 and another driving Fgf10 to r3 and r5. The transgene is under the control of the regulatory elements of r3r5-EphA4 (tgFgf3, tgFgf10) (Alvarez et al., 2003; Zelarayan et al., 2007) ; therefore tgFgf3 kr/kr or tgFgf10 kr/kr embryos will only express Fgf3 or Fgf10 ectopically in r3 because r5 is missing (Figs. 8I, J) . kr/kr embryos carrying ectopic Fgf3 or Fgf10 in r3 partially rescued the kr neurogenic phenotype in the otic vesicle (Figs. 8K, L, see table) . As shown in the table of Fig. 8, tgFgf3 in a kr/kr background was able to rescue the otic phenotype in approximately 60% of the cases. The phenotype was completely rescued in 17% (n = 2/12), and partially rescued in 42% (n = 5/12), since ectopic neuroblasts were absent from the dorsal region but still present in the posterior domain (Fig. 8L , n = 5/ 12). When the transgene used was Fgf10, the rescue of the otic phenotype was of 70% (n = 7/10), with 60% of total rescue and 10% of partial rescue (see Table in Fig. 8 ). tgFgf3 +/+ or tgFgf3 kr/+ embryos were not different to wild type embryos (Fig. 8K) . These data support the hypothesis that a compensatory effect of FGF3 and FGF10 signals in the caudal hindbrain plays an important role for the proper organisation of the adjacent otic neurogenic domain. 
Discussion
Key features of DV otic patterning in amniotes involve Wnt and FGF signalling from the hindbrain, and HH signalling from the midline. In the zebrafish, the same tissues and signals are implicated, but appear to play a role in both AP and DV axial patterning in the ear (for reviews see Choo, 2007; Schneider-Maunoury and Pujades, 2007; Whitfield and Hammond, 2007) . In this work we analysed the kreisler mouse mutant and provide insights concerning two questions: i) the importance of hindbrain-derived signals in the early AP axial patterning of the inner ear in amniotes; ii) the requirement of an integrated network of FGF signals from the hindbrain to properly regulate the development of the otic neurogenic domain.
Establishment of the otic neurogenic domain
Asymmetric patterns of gene expression arise early in the otic developmental programme, during or even before placode stages. Although otic asymmetry is not morphologically obvious until vesicle stages, we show that asymmetric gene expression is apparent in the otic cup, concomitant with the specification of the neurogenic domain. This suggests that the mechanisms for the specification of axial asymmetry in the ear must be active at placode stages, before the appearance of the neurosensory markers. LFng foreshadows the neuroblast-producing region, and is excluded from the Lmx1a domain, whose cells most probably contribute to the non-neurogenic region. These expression profiles are similar to those observed in chick where Lmx1b is excluded from the neurogenic region, which expresses LFng and Fgf10 (Giraldez, 1998; Alsina et al., 2004) . Although several reports have suggested that Tbx1 suppresses neuronal fate (Raft et al., 2004; Arnold et al., 2006) and that it is one main actor regulating the expansion of an otic epithelial cell population that contributes to most of the otocyst (Xu et al., 2007) , our data show that its expression profile is not fully complementary to the LFng pattern. A detailed analysis of the expression domains of NeuroD and Tbx1 in alternate sections revealed that indeed there is a region where NeuroD-and Tbx1-positive cells intermingle and even some cells do express both genes.
The Delta-Notch signalling pathway directs neuronal fate of ectodermal cells during the early formation of the cranial ganglia (Ma et al., 1998; . We showed that this pathway is activated in the neurogenic region of the otic epithelium by in situ hybridization with Delta1. Thus, Delta1-Notch1 signalling is likely to define the neurogenic region of the otocyst, leading to the expression of NeuroD and neuroblast specification. The otic neurogenic domain is specified in the most anterior and ventral aspect of the otic vesicle, and probably represents one of the first AP and DV molecular asymmetries displayed by the otic primordium during embryonic development.
Lack of MafB expression in r5 and r6 results in an expansion of the otic neurogenic domain
The hindbrain and the otic placode keep an invariant spatial relation in many vertebrate species. Previous analysis of the kr mutants has shown the disruption of otic sensory organs at later stages of development (Choo et al., 2006) similar to those observed in Gbx2 mutants (Lin et al., 2005) . We show that mutant embryos for MafB display a dramatic expansion of the otic neurogenic domain along the AP and DV otic axes and otic neuroblasts can be found in ectopic locations, dorsal and posterior in the otic epithelium. Neuroblasts are still specified correctly in the anteroventral region of the otic primordium, the normal neurogenic territory, suggesting that the ectopic cell specification is due to erroneous positional information. This is supported by the observation that the expression of LFng is expanded dorsally and posteriorly, invading the Tbx1 domain. Since kr/kr mutants do not have any defect during otic specification nor induction, we think that changes in extrinsic signalling result in disruption of otic patterning.
If these genes are not merely positional markers in the otic vesicle, but play an active role in interpreting extrinsic signals, we would expect their loss to have similar effects on the patterning of the ear and may conclude that these genes are likely to be involved in the reception or interpretation of that signal. At present, there are few examples of mutations of otic genes that could be involved in the interpretation of extrinsic signals, since the LFng-or Lmx1a-mutants (dreher mutants; Failli et al., 2002) have not yet been analysed for otic defects. Although Tbx1 has been proposed to constitute a determinant for AP patterning within the otic vesicle (Raft et al., 2004) , up to now it is not clear which extrinsic signals regulate its expression in the otic epithelium. It is expressed in the posterior part of the otic epithelium (Raft et al., 2004; Moraes et al., 2005; Arnold et al., 2006; Xu et al., 2007) , but this expression is not dependent on SHH (Riccomagno et al., 2002) nor on FGF3 signalling. In Tbx1−/− mouse embryos, expression of some anterior otic markers such as Neurog1, NeuroD, LFng, Fgf3, extends posteriorly, and the rudiment of the SAG is duplicated (Raft et al., 2004; Arnold et al., 2006) . These results suggested a role for Tbx1 in antagonising the neuronal fate. However, our analysis of kr/kr embryos shows that ectopic neuroblast specification is not accompanied by Tbx1 downregulation since kr/kr mutants display NeuroD-positive cells within the Tbx1 domain. Our results favour the idea that Tbx1 is a key factor in maintaining non-neuronal cell fate rather than controlling early cell specification.
Ectopic neuroblasts are excluded from the otic epithelium by apoptosis
The pattern of cell death in kr/kr otocysts is very dynamic but is only significantly different from that of control embryos at around 9.5 dpc (Fig. 5 , Choo et al., 2006) . We propose that cell death in the nonneurogenic region of the kr/kr otic vesicle may be a late consequence of erroneous specification of neuroblasts in the presumptive nonneurogenic territory. This is based on the observation that in kr/kr embryos the non-neurogenic region of the otocyst contains more dying cells than normal. Our interpretation is that, in the kr/kr mutants, cells that would normally receive only Lmx1 and/or Tbx1 cues, now are exposed to LFng and thus undergo neuronal specification. This leads to NeuroD expression and neuroblast determination. But those cells now find themselves intermingled with normally positioned non-neurogenic cells. The death of cells at 9.5 dpc could be a late regulative phenomenon, occurring as a reaction to an earlier erroneous positional information. This would also explain why kr/kr mutants do not display a larger or duplicated SAG as reported for other mutants such Tbx1−/− where the neurogenic region is expanded (Raft et al., 2004; Arnold et al., 2006; Xu et al., 2007) . Similar disposal of excessive, non-properly specified cells has been previously observed in the neural tube of kreisler mutants (McKay et al., 1994) .
Extrinsic factors from the hindbrain required for otic patterning
Certain morphological defects of kr/kr embryos (Hertwig, 1944; Deol, 1964; Choo et al., 2006) are common to those of Fgf3 null mutants (Mansour and Martin, 1988; Hatch et al., 2007) , such as the failure to develop the endolymphatic duct and aberrant development of the semicircular canals. However, many animals that lack FGF3 function have a vestibular apparatus sufficient to prevent circling (Alvarez et al., 2003; Hatch et al., 2007) , and therefore the effects of kreisler on inner ear development cannot be mediated solely by FGF3. On the other hand, the role of FGF3 as a hindbrain-derived signal in ear patterning is consistent with the analysis of the Hoxa1 mutant, in which the appearance of ear patterning defects is also correlated with the loss of Fgf3 expression in the hindbrain (Pasqualetti et al., 2001) . To better understand the role of hindbrain FGF signalling in early inner ear patterning we analysed the neurogenic phenotype of mutant embryos for kreisler, Krox20, Fgf3, Fgf10 and Fgf3/Fgf10 compound embryos. Hindbrain-derived Fgf3 is downregulated in kr/kr and Krox20−/− embryos although Fgf3 expression in the otic placode is not affected. In spite of these similarities these mutants develop strikingly different otic neurogenic phenotypes: kr/kr ears display an expanded neurogenic domain due to patterning defects, that is not shared either by Krox20−/− or Fgf3−/− embryos. Therefore, it seems that in spite of the defects in Fgf3 expression in kr/kr mutants, there are other signals involved in otic patterning.
May other hindbrain-derived FGFs contribute to the kr/kr phenotype? Indeed the analyses of other Fgfs present in the hindbrain revealed that Fgf10, but not Fgf15, is downregulated in kr/kr mutants. Moreover, the loss-of-function of both Fgf3 and Fgf10 phenocopies the expansion of the otic neurogenic domain observed in kr/kr mutants, strongly suggesting that a combination of FGFs from tissues surrounding the otic territory control the regionalisation of the inner ear. However, one wild type allele of Fgf3 or Fgf10 appears to be sufficient to prevent the defect. This indicates that there is a compensation between FGF3 and FGF10 regarding the otic neurogenic domain. To overcome the effects Fgf3 and Fgf10 have in otic induction and be able to tackle their role later on in otic patterning, we took advantage of a subset of Fgf3−/−Fgf10−/− embryos that display reduced otic vesicles but maintaining expression of several otic genes (Alvarez et al., 2003; Zelarayan et al., 2007) .
Additional functional evidence to support this hypothesis is given by the phenotype obtained in the Fgf3-and Fgf10-rescue experiments. When Fgf3 is misexpressed within the hindbrain of kr/kr mutants, the otic neurogenic phenotype is partially rescued in 42% of cases, showing still ectopic neuroblasts in the posterior domain but not anymore in the dorsal territory. The phenotype is completely rescued in 17% of the cases. When Fgf10 is the gene misexpressed in the hindbrain, the complete rescue of the phenotype is in 60% of the specimens, and only 10% show a partial rescue. Most probably complete rescue would require the presence of both FGF3 and FGF10 in a rhombomeric territory just adjacent to the otic primordium. Our transgenic lines drives Fgf3 or Fgf10 expression to r3 and r5 from the 3 ss onwards (Zelarayan et al., 2007; Fig. 8) , but since r5 disappears in kr/kr mutants, tgFgf3 kr/kr and tgFgf10 kr/kr embryos will express Fgf3 or Fgf10 only in r3, as shown in Fig. 8 .
These results suggest that FGFs from the hindbrain are involved in the establishment of the early molecular asymmetry in the otic primordium leading to the formation of neurogenic and nonneurogenic epithelia. On the other hand, Alsina et al. (2004) showed that electroporation of FGF10 in the chick inner ear epithelium shifts otic multipotent precursors toward a state of neuronal determination. These gain-of-function studies with FGFs are done in a quite later stage, otic cup stage -once the neurogenic domain has already been established in chick . Therefore the two works are studying the role of FGFs in different events: the first studies FGFs from the neural tube in patterning the adjacent otic primordium; and the second is focussed on the role of FGFs on the otic neuronal precursor population.
The role of Wnt signals for the development of the otic sensory patches has been shown in kreisler mutants (Choo et al., 2006) . It is unlikely that Wnts are involved in the early kr phenotype: Wnt1a and Wnt3 are expressed too late with respect to the onset of effects in the neurogenic region, and Wnt6 that is usually expressed in the ectoderm and in a few dorsal cells of the otocyst, is not affected in kr/kr embryos (Fig. S1 ). Preliminary data from our group indicate that the contribution of Wnt8a from the hindbrain seems not to be affected in kr mutants either. However, to be able to completely exclude the contribution of Wnt signals, the study of the WNT-activity in these mutants needs to be carried out.
Our work directly links hindbrain segmentation with the control of the FGF signalling towards the otic primordium. In addition we demonstrate the need of the integration of hindbrain-derived FGF signals for the proper patterning and development of the otic neurogenic region. Moreover we show that hindbrain signals are involved in AP otic patterning in amniotes, and not only to DV patterning. Although we start to unveil the molecular mechanisms governing otic patterning and neurogenesis, we still have a long way to go finding the effectors of the extrinsic factors in the otic primordium as well as the influence of other surrounding tissues as the periotic mesoderm.
